Halogen (X-bond) and chalcogen bond (ChÀ bond) energies for 36 complexes have been obtained at the RI-MP2/def2À TZVP level of theory, involving the heavier halogen and chalcogen atoms (Br, I, Se, Te). We have explored the existence of linear relationships between the interaction energies and the local kinetic energy densities at the bond critical points that characterize the σ-hole interactions (both electronic G(r) and potential V(r) energy densities). Interestingly, we have found strong relationships for halogen and chalcogen bonding energies, especially for the V(r) energy density, thus allowing to estimate the interaction energy without computing the separate monomers. This is also useful to estimate the interaction in monomeric systems (intramolecular X/Ch-bonds), as illustrated using several examples. Remarkably, we have also found a good relationship when in the same representation both halogen and chalcogen atoms are included, thus allowing to use the same empirical correlation for both interactions.
Introduction
Compared to halogen bond (XB), the chalcogen bonding (ChB) interaction is significant less studied. [1] Nevertheless, it is gaining increasing attention in molecular recognition and catalysis. [2] Recently, the IUPAC [3] has defined a Chalcogen Bond as: net attractive interaction between an electrophilic region associated with a chalcogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity. More than 50 years ago, some pioneering methodical studies of X-ray solid state structures [4, 5] already described the dual character of divalent sulfur. On one hand, electrophiles approximate divalent sulfur (X-S-Y) nearly 20°perpendicular to the X-S-Y plane. On the other hand, nucleophiles approach divalent sulfur approximately along the extension of one of its covalent bonds. The latter is what is now recognized as a chalcogen bond. [3] Excellent recent reviews by Resnati's group [1c] and Pombeiro's group [6] clearly illustrate the prominent role of ChBs in fields related to synthetic chemistry, crystal engineering, catalysis and design of new materials.
In many cases, Ch···O and Ch···N σ-hole interactions are intramolecular and largely influence molecular conformations. [7] Their manifestation is enhanced if the Ch-atom is highly polarized by electron-withdrawing moieties and the heavier chalcogen atoms are more likely to form σ-hole interactions. [8] [9] [10] In those systems where the X-bond or Ch-bond interactions are intramolecular, it is difficult to evaluate the interaction energy associated to these contacts. Usually, the strategy is to find a different conformation where the intramolecular inter-action cannot be established and evaluate the X/Ch-bond contribution using the energy difference between both conformations. However, in most cases this difference accounts, apart from the interaction under study, for many other effects that also contribute to the energy difference like steric effects or other noncovalent interactions that are established in the new conformer. Furthermore, in those supramolecular systems where more than one noncovalent interaction is established, it is also difficult to evaluate the contribution of each individual interaction. A good strategy to overcome these inherent drawbacks would be the utilization of the Bader's QTAIM analysis and the properties at the bond critical point that characterizes the interaction.
For hydrogen bonds, several approaches have been proposed, like the utilization of the OH stretching vibration or the H···O distance (limited to O-H···O H-bonds). [11] By using QTAIM parameters Espinosa et al. have proposed the utilization of the electronic potential energy density, [12] V(r), E HB = À 0.5 × V (r) and the electronic kinetic energy density E HB = 0.429 × G(r)]. [13] The utilization of these parameters has been evaluated in molecular crystals and the G(r) value was recommended. [13b] However, to the best of our knowledge the utilization of these parameters has not been developed or tested for either XBs or ChBs. The aim of this manuscript is to provide an easy method to estimate XBs or ChBs energies using these QTAIM parameters at the bond CPs that characterize the interaction (connecting the X or Ch-atom to the electron rich atom. We have used a set of complexes and found a strong correlation between either V (r) or G(r) values and the interaction energies. In particular, the V(r) parameter correlates well with both X-bond and Ch-bond complexes, simultaneously, in elements of the same period. We have illustrated the utility of these relationships in the study of intramolecular ChB and XB interactions.
Results and Discussion
Scheme 1 shows the set of complexes used in this work. We have used the heavier halogen and chalcogen atoms because experimentally, [1, 2] it has been evidenced that they are the most promising candidates as binding atoms for supramolecular chemistry, catalysis and crystal engineering. As electron donors, we have used a variety of molecules ranging from weak to strong Lewis bases in order to have a sufficient range of interaction energies (see Scheme 1). We have not used anions as electron donors because the heavier halogen and chalcogen atoms have a strong tendency to expand valence or form pseudo covalent bonds when interacting with anions. [1] The interaction energies, equilibrium distances and V(r) and G(r) values are summarized in Tables 1 and 2 for halogen and chalcogen complexes, respectively. The trends in binding energies are the expected ones. That is, the complexes involving the heavier halogen (I) and chalcogen (Te) atoms are stronger than those with Br and Se. Moreover, those complexes where the strongest base (NMe 3 ) is involved exhibit larger binding energies whilst the weakest ones correspond to the N 2 molecule.
The QTAIM analysis of the complexes confirms that most of them are characterized by the presence of only one bond CP and bond paths connecting the halogen or chalcogen atom to the lone pair donor atom. In case of pyridine with ChF 2 molecules, we have explored two orientations and in one of them (see Figure 1a ) an additional bond path connects the Fatom to one H atom of pyridine and consequently we have used the orientation where only the Ch-bond is present (see Figure 1b ). It can be observed that the complex with the ancillary H-bond is 0.9 kcal mol À 1 more favorable, which can be attributed to the contribution of the H-bond. This issue is further analyzed below.
Apart from the pyridine···SeF 2 coplanar complex shown in Figure 1a , the distribution of bond critical points and bond paths reveals that only in one complex (TeF 2 ···NMe 3 ) there is an additional bond path connecting the Lewis base with the σhole donor, which is represented in Figure 2 . The additional bond path connects one F-atom to the C-atom of one methyl group (tetrel bond). [14] The distribution of CPs and bond paths Scheme 1. X/Ch-bond donor and acceptors used in this work. in the related SeF 2 ···NMe 3 complex does not show this bond path.
Since both the V(r) and G(r) values have been previously used as a measure of the H-bonding interactions, we have tested them as predictors of the halogen and chalcogen bonding interactions. Figure 3 shows the regression plots for the BrF and IF complexes and it can be clearly appreciated that both the potential energy density (in blue) and kinetic energy density (in red) strongly correlate with the binding energies.
Interestingly the coefficient of determination (r 2 ) shows that the interaction energy correlates better with the V(r) values.
For the chalcogen bonding complexes, the same correlation plots have been obtained and they are represented in Figure 4 . The behavior is almost equivalent to the halogen bonding complexes. That is, for both V(r) and G(r) values, good correlation plots are obtained, and the correlation is better for the electronic potential energy density (blue lines). The regression coefficients are also similar for the halogen and chalcogen bonding complexes and, interestingly, the slopes of the best-fit lines for Br and Se complexes are very similar and the same result is observed for the I and Te complexes. It is also worthy to comment that V(r) and G(r) values strongly correlate for all the data gathered in Tables 1 and 2 combined (R 2 = 0.973).
Since the slopes for the halogen and chalcogen atoms of the same period are similar, we have combined σ-hole complexes involving halogen and chalcogen atoms in the same regression plot. Moreover, for these plots we have only used the V(r) values since the results reported in Figures 3 and 4 evidence that it is more convenient to use the electronic potential energy density values (higher coefficient of determination). Figure 5 shows the regression plots and several interesting issues can be deduced from the results. First, strong linear correlations where found confirming that the elements of the same period can be combined in the same plot. Second, the intercept values are very small (less than 0.7 kcal/mol) in both cases (periods 4 and 5) therefore the prediction of the interaction energies can be easily calculated by simply scaling the V(r) values, although the utilization of the intercept obviously provides more accurate energies.
That is, for period 4 (Br and Se complexes) 0.375 × V(r)À 0.5 is a good predictor of the σ-hole bonding energy and for period 5 (I and Te complexes) the 0.556 × V(r) + 0.6 is a good estimation. The latter is similar to the H-bonding predictor E HB = À 0.5 × V(r) proposed by Espinosa et al. [12] It should be emphasized the importance of these relationships since it allows to deal simultaneously with halogen and chalcogen bonds.
We have tested the chalcogen bonding energy predictor using the model system shown in Figure 6 . The energy difference of both rotamers (around the NÀ C bond represented in green in Figure 6a ) is likely due to the formation of an intramolecular chalcogen bond Ch···N in the conformation represented at the right side of the equilibrium. RI-MP2/def2-TZVP calculations reveal that the rotamers where the chalcogen bond is formed are around 20 kcal/mol more stable. We have estimated the chalcogen bond strength by using the V(r) energy predictor. It can be observed that the interaction energy predicted for the Te···N contact is À 20.1 kcal/mol, almost identical to the difference between both rotamers, thus giving reliability to the energy predictor. For the Se, the predicted interaction energy is À 18.4 kcal mol À 1 , that is in reasonably good agreement with the difference between both rotamers. It is also possible that for the Se, the H-atom represented in red in Figure 6 has some steric or electrostatic repulsion with the Se atom that increases the energy difference between both rotamers. In case of Te, since the C-Te bond distance is longer the latter effect is minimized. In any case, the trend observed for the energies given by the V(r) energy predictor is the expected one taking into consideration that chalcogen bonds are stronger for the heavier chalcogen.
Furthermore, we have also tested the utility of the V(r) energy predictor in an intramolecular halogen bond complex inspired in the X-ray structure of 2-((2-((2-bromo-3,4,5,6-tetrafluorophenyl)-ethynyl)phenyl)ethynyl)quinoline (see Figure 7 ). Aryldiyne linkers offer an ideal template for intramolecular halogen bonding with a minor deviation from linearity. [15] Figure 8a shows the QTAIM distribution of critical points and bond paths of an optimized model of the crystal and the systems used to evaluate the halogen bonding energetically. To estimate the contribution of the X-bond interaction without the utilization of the QTAIM predictor, we have computed two rotamers of the whole system ( Figure 8b) and two rotamers of a reduced model where the 2-ethynylpyridine has been eliminated (Figure 8c ). Latter system has been computed to take into consideration the effect of the loss of conjugation upon the energy difference in the 90°rotamer. The energetic results shown in Figure 8b ,c indicate that the halogen bond contribution to the stabilization of the system is À 4.6 kcal mol À 1 . By using the energy predictor, where only one calculation instead of four has to be performed, the resulting interaction energy is À 4.1 kcal mol À 1 which is in reasonable agreement (slightly underestimated) with that predicted using the rotamers. The distribution of critical points shows that the Br also interacts with the π-electrons of the ethynyl group (a bond CP and bond path connects the Br to one C atom of the ethynyl). This likely explains the stronger Br···N interaction obtained if the rotamers are used, since this methodology also accounts for the Br···C interaction. In contrast if the V(r) energy predictor is used, a more precise estimation of the strength of the Br···N contact is obtained.
As aforementioned, we have considered two orientations for the complex of pyridine with SeF 2 that are represented in Figure 1 . For the training set we have used the complex with the orientation that only presents one bond CP interconnecting Se and N atoms (Figure 1b) . The other complex, where two interactions (HB and ChB) are established between pyridine and SeF 2 , can be used to test the possibility of using multiple densities to estimate the interaction energy. The values of V(r) at CP1 (ChB) and CP2 (HB) (see Figure 1a ) are À 0.0517 a.u. and -0.0085 a.u. respectively. By using the predictor, the ChB interaction is À 12.1 kcal mol À 1 . The contribution of the Hbonding can be estimated using the predictor proposed by Espinosa et al., [12] E HB = À 0.5*V(r), resulting in an H-bonding energy of À 2.6 kcal mol À 1 . Therefore, the total interaction energy predicted by using both V(r) values is À 14.7 kcal mol À 1 , that is slightly overestimated compared to the computed interaction energy À 12.9 kcal mol À 1 (see Figure 1a ). It is worth mentioning that the chalcogen bonding contribution (À 12.1 kcal mol À 1 ) is very close to the interaction energy obtained for the F2Se : Py complex in the other orientation where only the ChB is established (À 12.0 kcal mol À 1 , see Table 2 ), giving reliability to the energy predictor used herein and suggests that the overestimation comes from the H-bond contribution.
Finally, we have also analyzed if DFT functionals are also adequate for the utilization of V(r) values as predictors of the interaction energy in halogen and chalcogen bonding complexes. We have used the RI-MP2 method because it has been previously shown that it is able to reproduce the CCSD(T) energies accurately for halogen, chalcogen and pnictogen bonding complexes. [16] In the same study it was also demonstrated that among the numerous DFT methods (including pure and hybrid functionals) available, the M06-2X was the best method. We have optimized two halogen and two chalcogen bonding complexes using three popular DFT methods and compared the results with the RI-MP2 ab initio ones. The results are gathered in Table 3 . In general, the interaction energies obtained with the three DFT functionals are comparable to those obtained using RI-MP2 ab initio method. For the chalcogen bonds, the M06-2X and the RI-MP2 energies are almost identical and for the halogen bonding ones the B3LYP-D3 is better although it is not able to predict the trend correctly. More importantly, we have used the values of V(r) as energy predictors for the three functionals. Quite remarkably, both the B3LYP and PBE0 largely underestimate the interaction energies and only the M06-2X is able to give good results (comparable to RI-MP2). Therefore, only the M06-2X functional is recommended for predicting interaction energies using QTAIM parameters suggested in this manuscript.
Conclusions
From the results reported herein several conclusions can be extracted: 1. The ChB and XB interactions energies can be predicted using the V(r) and G(r) properties of the electron density at the critical point since good correlations have been observed.
The complexes of Br and Se (period 4) or I and Te (period 5)
can be combined and the same representation, so the simple form E int = 0.375 * V(r) for the former and E int = 0.556 * V(r) for the latter provide a reasonable estimation of the interaction energies. 3. This simple method is convenient to estimate the energies in intramolecular interactions, preventing the utilization of more complicated models. 4. Among the three functional tested, the M06-2X should be the method of choice if the simple energy predictors reported herein are intended to be used. Otherwise new relationships and equations should be established to be used with other functionals.
Theoretical Methods
The geometries and energies of the complexes used in this study were fully optimized without symmetry constrains at the RI-MP2/def2-TZVP level of theory using the TURBOMOLE 7.2 version. [17] The minimum nature of the complexes has been confirmed by performing frequency calculations. The BSSE correction was applied used the counterpoise method. [18] The AIM analysis has been performed using the wavefunctions obtained by the Gaussian-16 program [19] at the MP2/def2-TZVP level of theory. The distribution of bond critical points and bond paths has been done using the AIMall program. [20] The Laplacian function of the electron density r 2 1(r) is related to both the local electronic kinetic energy G(r) and the local electronic potential energy density V(r) by the local form of the virial theorem. The G(r) at the bond CP can be calculated using the Abramov expression for closed shell calculations, which is G (r) = 3/10(3π 2 ) 2/3 1(r) 5/3 + 1/6r 2 1(r). [21] The calculations using the DFT functionals B3LYP, [22] M06-2X [23] and PBE0 [24] combined with the D3 [24] dispersion correction for the B3LYP and PBE0 have been carried out using the TURBOMOLE 7.2 program. The 
